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In recent years many cxperimmts have been t r i e d  w i t h  nod- 

els, especially i n  EnglanC, f o r  <he p:rpz~c of learning some- 

th ing  concerning the behavior of an cirp%,nc i n  a spin. This 

a r t i c l e  decls pr inc ipa l ly  w i t h  Professor  3a.irstow~ s experiirients 

on autorotation, i n  ahLcb $Le w l - n g  i s  f r a e  t s  r o t a t e  about an 

a x i s  i n  i t s  plttnc of s y m e t r y ,  which aliis i s  parall.el w i t h  the  

d i rec t ion  of the wind. A n  c r t i c l e  on experinents of t h i s  nature  

was published i n  I1Zcitscbrift  Tur F-!:~gtec.l;l_iiik und Idotorluftschif- 

fahrtll 1921, p. 273. Subsequent1.y; several Znglish a r t i c l e s  

have aq~pe2~red describing such experiments v i t h  various a i rp lane  

models. 

I1 

It is clready known that the conditions i n  autorotat ion 

and s-Dinning a r e  in  s o  far related that both  kinds of motion 

occur at la rge  mean angles of a t t cck  and that one wing t i p  is i n  

the  high ?&Le-of-attack regior, and t3e other i n  the  lox. Hence 

the hope of being ab le  t o  master the aerodynaaic part of spin- 

ning through autorotat ion experiments. Recently repeated acci- 

dents hzppened t o  the English a i rp lane  liBBantm,f' Secause i t  was 

not  a b l e  t o  corne o c t  of a spin. Therefore the "Accidents Invcs- 

tigatio-n Subcomxittee" insti tuted.  c?. systematic i n v e s t i s t i o n ,  i n  

* From "Zei t sckr i f t  f'h Flugtecknik und Xotorluf tschiffahrt ,"  
August 28, 1926, w. 338-34-2. 



2 

which the r e s u l t s  obtained by autorotat ion differed plainly f o r  

t he  'tBantmil from those QbtaIned w i t h _  o t h e r  standard ailrplanes 

(Aeronautical Research Committee Reyor-ba arid. Memoranda No. 976) 

We can obtain no exhaustive infomat  ion through autorota- 

t i on  ex-Geriments, as t o  vhat a i r  forces  a r e  exerted on a rotat-  

ing  wing. If we wish t o  u t i l i z e  the  autorotat ion experiments 

f o r  determining the conditions i n  a spin, we must extend these 

experiments t o  t h e  point of ac tua l ly  measuring the a i r  forces .  

A s  EL small step i n  t h i s  d i rec t ion ,  we arranged a program of ex- 

periments which we w i l l  Troceed t o  descr ibeb Z t  was proposed: 

1. To aake a systema5ic comparison of vayious wings in 

autorotat ion,  i n  cowiection w i t h  which t h s  effect  of the index 

value w i l l  also be  s tudifd;  

2 .  To invzst igate  the  effec-i; of a s ide  wind on au*orottk- 

t ion; 

3. To i n v e s t i e t e  the  resistance o r  drag of a ro ta t ing  

wing, 

In th i s  connection, an important qxestion i s  t o  be taken 

up, which originated with Professor Bairstow, namely, the  Keas- 

uremeiit of the  pressure d is t r ibu t ion  on a rotat ing wing, prei3ara- 

t ions  f o r  mhich a r e  now being made in  England. 

For t he  execution of t he  above experiments, Professor 

Bairstosv kindly placed a t  my d isposa l  the wine- tunnel of tile 

Imperial College of Science, and Mr. F. F. Ci.ocom'c)e ass i s ted  me 

i n  the  experirmnt s. 
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Before discussing the  experimental r e su l t s  Sndlvi 

m i l l  b r i e f l y  descr ibe the conditions in  the autoxrotation. 1 

assumed i n  advance that the wing, which was f r e e  t o  turn about 

i t s  axis ,  would receive a rotary impulse. If we designate the 

angular veloci ty  by w, the  wind veloei ty  b y  V, the distance 

of a wing sect ion from the ax i s  of rotat ion by y, the wing 

chord by t and the half span by s, then the  change i n  the 

angle  of a t t a c k  of the wing sect ion is d a 

There is  thus exerted on the  wing the moment M about the axis 

wy . 
V 

of rotation. 

+s 
&f = p t f (c, cos p + cw s i n p )  (a" + ( w  y)"' Y d- Y, 

= S  

i n  whicb 
et = a r c  tanwJ 

V * 

A s  customary i n  s t a b i l i t y  problems, o is  assumed t o  be 

small. and consequently 

i n  which A is a constant, dependent on the d is t r iSut ion  of the 

a i r  forces. 

d i s t r ibu ted  over the wing. ) 

( I t  is assumed that the a i r  forces a r e  uniformly 
-* 

Ackording t o  t h i s  expression, auto- 

rotat ion is  t o  be  expected i n  t h e  angle-of-attack region where 
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This r e su l t  had been already obtained by Glaucrt i n  a somevhat 

d i f fe ren t  nanner ( A S R O C .  Reports and Xenoranda No. 595). 

For the fur ther  processes, t h i s  EXPI: ess ion s i m p 1  y indi  cat  es 

that, on the half-wing which i s  functionizg w i t h  the  greater  

angle of a t tack,  smaller forces  ac t ,  t'mn on the half-wing vhich 

i s  functioning w i t h  the smaller angle of a t tack,  thereby produc- 

ing a morfie-nt which increases 0. Through t h i s  increased W the 

differences i n  the ang- of a t t ack  .at the wing t i p s  constant 3 y 

increase and thus one wing t i p  comes into such a small angle-of- 

a t t ack  region as t o  produce a t  the wring t i p s  a moment which op- 

poses the ro ta t ion  and continues t o  increase u n t i l  .the acceler- 

a t i n g  and damping portions of the moment of fse t  one another and 

produce uniform rotatioin. This process was pursued exrperhext- 

a l l y .  Fig. 1 shows tmo moment curves from the above-mentioned 

B r i t i s h  a r t i c l e .  On the upper curve, the rnome-nt reaches a maxi- 

mum and then returns  t o  zero.  On the 1oP;Jer q r v e ,  there is  a 

back and f o r t h  o sc i l l a t ion  of the moment before zero i s  reached. . 

For  performing the experhents ,  we adopted a common form of ap- 

paratus  t o  v;hich vfe w i l l  recur. 

tunnel w i t h  a cross sect ion of 

We Fad a t  our disposal a wind 

1.22 X 1.52 rn ( 4  X 5 f t . )  and a 

maxiram veloci ty  of 2 1  m (69 f t . )  per second. 

win3 used wa.s about 61 cni (24  inches). 

The span of the 

The maximum a t t a inab le  

index value, therefore,  was E = 12,800 m m / s .  

A se r ies  of four a i r foi ls ,  two thin ones and two th ick  ones 

(Fig.  2 ) ,  tms chosen f o r  the experiments. We first measured the  
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l i f t  and drag coeff ic ients  and then the autorotat ional  veloci t ies ,  

the l a t t e r  with a stop match. 

represented that  the nondirnensional quant i ty  bsls was plo t ted  

against  the  angle  of a t tack  and then against  the veloci ty .  

2% 
V 

the rni&dle and t i p  of the wing. 

The experiroental r e su l t s  were s o  

V 

is approximately the change i n  the angle of a t t ack  between 

The ~ V J O  t h in  airfoils (30s. 1-2) showed nothing new, but 

the thick a i r f o i l s  (Nos. 3-4) proved t o  be  well adapted f o r  t e s t -  

ing the condition -.-2L t- cw e 0. The lift curve shows, i n  t h e  

l o w  index value region, a s t rong dependence on the index value. 

d c  
c?U 

Since we can expect autorotat ion i n  the region where - ca < 0, 
d a  

tno sepamte angle-of-attack regions, i n  which rotat ion is pos- 

s ib le ,  corx i n t o  consideration i n  the case where ca has two 

maxima. 

A s  shown i n  Fig. 3, t he  l i f t  curve of a i r f o i l  No- 3 reaches 

i ts  maxirflvm at a = 14.5', 15O and 22.5O, corresponding respect- 

ive ly  to the wind ve loc i t i e s  of 9,15 rn (30 f t . ) ,  13.7 m (45 ft.), 

and 18.3 m (60 ft.) per  secwd. 

(45 f t . )  per second shows a second maximu a t  

connection 5 et we en - d C a  + cw 

4) is  per fec t ly  c lear .  At CI = 19-20° the  a i r f o i l  does not ro- 

t a t e .  B e l o ~  20' a rotat ion was observed f o r  wind ve loc i t i e s  not 

exceeding 15.25 m (50 f t . )  per  second, but  the  a i r f o i l  did not 

r o t a t e  f o r  V = 18.3 m (60 f t . )  per  second, while rotat ion oc- 

curred in  the angle-of-attack region > 20° only f o r  mind veloci- 

The l i f t  curve a t  V = 13.7 m 

a = 25'. The 

and the autorotat ion curve (Fig. 
deL 
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t i e s  of not l e s s  than 1Z02 m (40 f t .)  per  sccand. 

shorn by Fig. 5, i n  n-hlch * =  is pli,i;ted against V. 
This i s  a l s o  

v 
For a i r f o i l  No, 4 the conditions are similar, autorotat ion 

beginning a t  CL = 5O, corresponding t o  -the maximum and t o  the 

sudden drop in  the l i f t  curve. Since the  l i f t  curves (Fig. 6) 

f o r  the  ve loc i t ies  9.15-21.3 rn (30-70 ft-) per  second a t t a i n  

t h e i r  f irst  maximum i n  the region of 

possible  in  t h i s  region f o r  all these veloci t ies .  On the other 

?mad there is a second autorotat ion region present f o r  a 

a = 5-10', autorotat ion is 

35'. 

Autorotation i s  observable here, however, on ly  when V exceeds 

15.25 r?2 (50 f t . )  per second. This indi.cates that the condition 

3 < o does not alone suf f ice ,  s ince c, a t t a i n s  a maxiram 
d ' a  
f o r  V = 15.25 M (50 f t . )  per second at  a = 3 5 O ,  but 

(-) d a /max 
= - 0.25 and in t h i s  region cw > 0.25, s o  that  

f c ~ - ~  > 0 allcJ_ consequently there i s  no autorotation. In  P d C a  
d a  
Relf and Lavender's f i rs t  a r t i c l e  on c7;utoro'cation (A.  R. C. Re- 

por t s  and Memoranda No. 549) w i s  given as a funct ion of the 

ve loc i ty  V and the connection i s  indicated by  a st raight  l i n e a  

If 0s i s  p lo t ted  against V, it fo l lows  that 2L.E is inde- 

pendent of v and hence of the index value. According t o  v r h a t  

has thus far been said, this  r e su l t  must b e  recognized as t rue  

only f o r  thin airfoils.  For thick airfoils,  however, a strong 

v V 

depeiidence on the index value i s  noticeable (up t o  index values 

of -120GO ~ r n  m/s) e 'Irvhen, therefore, 'autorotat ion experiments 



N.A.C.A. Technical Xemormdum No.' 380 7 

a r e  t o  be  evaluated f o r  thick wings, i t  must be  endeavored t o  

obtain the highest possible index value i n  the experiments. 

A second ser ies  of experiments m s  performed f o r  the pur- 

pose of determining the e f fec t  of a l a t e m l  wind on autorotation. 

Similar cxperkients vere t r i e d  with the  llBantaa.ff The model was 

rotated 30' l a t e r a l l y  about the axis of rotation, which ms par- 

allel t o  the wind direct ion.  This en t i r e ly  stopped the autoro- 

ta t ion .  We t e s t ed  two a i r f o i l s  (Nos. 1 and 3) a t  5, 10, 15, and 

20' l a t e m l  angle f o r  wind ve loc i t ies  of 30, 45 and 60 f t .  per  

second. A s  typical  resu l t s ,  two s e t s  of curves f o r  several ex- 

periments cre given. 

In Fig. 8, v WS is  again plot ted a s i n s t  the angle of at- 
u s  
V tack, ewh  l a t e r a l  angle having i ts  own - curve. Further- 

more, (Fig. 9 )  mas plo t ted  against  the fatoral  angle for 

a given angle of a t t ack  (a = 30°). 

are f o r  -the three  ve loc i t ies .  The a i r f o i l  vas fastened t o  5 

smdl c i rcu lar  p l a t e  (Fig.  10, 0 )  which could be inclined t o  

the  axis in vclrious ways. The a i r f o i l  was fastened t o  the plate 

v 
The three curves i n  Fig. 9 

by a screw 

of the c i r f o i l ,  so  tb t  the a i r f o i l  could b e  fastened t o  the 

plate  in  an oblique posi t ion corresponding t o  a given l a t c r a l  

(s) ,  vhich passed through the p l a t e  and the center 

angle. 

Fizs. 8-9 shon that t he  oblique posi t ion of the  a i r f o i l  

prod-uces t n o  e f fec ts .  F i r s t ,  i t  increases the e values cnd, 

second, it considerably extends the upper l i m i t  of the autorota- 
V 
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t i on  f i e ld ,  

a maxinu2 value of seems t o  exis t  f o r  T = 200 l a t e r a l  

These resu l t s  can stand a i t h  the B r i t i s h  ones, s in  

V 
angle. 

e r a l  angles. 

these elxpcrinents that the point,  ?"round which the aing vas 

Unfortunately t h e  arrangement did not a l l o w  la rger  lat- 

In our opinion, the objection may b e  made t o  

tu rned l a t e r a l l y ,  did not coincide, i n  the os&ginal pos it  ion, 

w i t h  the ax is  of rotation. In  this manner an  addi t ional  nmAeiit 

was produced, s o  that the abovementioned resu l t s  nay d i f f e r  

fo r  different  posi t ions of the center of rotation. It would be 

useful  t o  per fom these experiments i n  such a my that  the axis  

of rotat ion nould be turned toward the wind direct ion,  tlrus sub- 

j ec t ing  the riean angle of a t t ack  to  per iodical  changes. In t h i s  

case, the rotat ional  veloci ty  of the a i r f o i l  nould have t o  be 

obtained with a recording in s t rmen t ,  in  order t o  determine the 

rotat ional  accelerat ions.  

Our th i rd  se r i e s  of experiments w a s  carr ied out f o r  the 

purpose of determining the drag of the  rotat ing a i r f o i l .  The 

rear  end of the ax is ,  about which the  a i r f o i l  rotated,  17as a r t i c -  

u la ted  with an  aerodynamic balance (Fig.  11) and the  forvard 

port ion T ~ S  suspended on tno wires. 

was secured l a t e r a l l y  by nires ,  i n  order to  pro tec t  the balance 

The rear end of the axis 

from l a t e r a l  stresses (perpendicular t o  V) This arrangement 

afforded per fec t  freedom of motion in  the mind direct ion.  In  

perforraing the experiments, readings mere made on the balance 

for b o t h  ro ta t ing  and s ta t ionary a i r f o i l s .  The difference be- 
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tween. these readings equals the difference in the  drag between 

the rotat ing and s ta t ionary a i r f o i l s .  O f  course the revolution 

number of t h e  airfoil~mas a l s o  taken. The experimental r e su l t s  

a r e  so presented as t o  include the drags (cwr) i n  the drag 

curves of the ro ta t ing  a i r f o i l .  

This Crag can be calculated on the  basis of simplifying as- 

sumptions, i f  we assume as heretofore,  that the change i n  the 

angle of a t tack J, var ies  d i r ec t ly  as y and tha t  the a i r  

s t resses  a r e  uniformly dis t r ibuted,  and i f  the radial veloci ty  

is  disregarded. With the e a r l i e r  designations, the drag is 

r v  J 

+S vfR = p v2 t (cw cos i ~ .  - c8 s i n  p) 

or,  if u!i = f: is introduced and the th i rd  and fourth powers 

1 + /o)2 d y 
f v / I  -8 

TT 
of 5 a r e  disregarded- 

o r .  if the coeff ic ient  of drag i s  t o  be calculated,  

i n  which f and M serve as abbreviations f a r  the e a r l i e r  

tegrals .  The values of f and m can be indicated simply 

in- 

and 

determined with corresponding ease. I f  z portion of the surface 

in  the l i f t  and drag curves i s  l imited b y  the s t ra ight  l i nes  

a fs, then f is the a rea  of t h i s  portion i n  the cw curve v 
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and m is the moment of t he  surface port ion in  the C a  curve 

W i t h  respect t o  the l i n e  Hence f and m must be graphic- 

ally de te rnbed  i n  such a manner that an integral  curve n i l 1  be 

constmcted f o r  cw curve and a rope polygon f o r  the ca curve. 

l e  knon that, with the r e su l t s  obtained by t h i s  computation, the 

essent ia l  thing is  not yet mastered.. The cmputed cwr values 

serve siriply as a basis of comparison f o r  shoning the deviations 

from these assumption$. 

Both the aeasur@d and the computed drag coeff ic ients  of t h e  

ro ta t ing  a i r f o i l  a r e  in$::oduced into the drag curves f o r  a i r f o i l s  

1 and 3. For  these a i r fo i l s ,  the masureEents mere made a t  three 

speeds. A s  shown I n  Fig.  12, the differences cF7 - C m r  arc 

pos i t ive  throughout f o r  a i r f o i l  No.. I, showing that the drcg i s  

smemhat decreased b y  %he rotat ion.  The order of magnitude of 

t h i s  difference is 0-02 - 0-04, corresponding t o  a deviation of  

10%. It i s  surprisirg that t h e  computed cvr values agree vel1 

w i t h  the  observed. %veri i f  such agreement can not be denonstrat- 

ed on other t h i n  a i r f o i l s ,  the noncnt which operates in  the F A r -  

f o i l  plane can be cmputed n i t h  the help of the autorotat ion 

curve, s o  thzt  we wmld obtain the expression 

i n  which CP (a) i e  a (de f in i t e )  function of the angle of zt tack. 

The conclitionc are d i f fe ren t  f o r  the thick a i r f o i l  No. 3. 
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Ths diffcrezces  cg - Cnr a r e  plus and minus arid t h e i r  order of 

magnituC?e is  Orl, tahich nwns  30-40$1 i n  the r a t i o  of the 

values. 

v i t h  t h e  measured ones, as shown by Figs.  13-15. The cmput;a- 

t i o n  could not be made i n  connection v i t h  the drag neasurcnent 

f o r  the n2xki-m veloci ty ,  s ince the drag and lift neasurenents 

Here the caxputed drag coeff ic ients  do not agree at all 

were not extended t o  su f f i c i en t ly  la rge  angles of a t tack.  

A xiore nccurattc invest igat ion of autorotation, i n  the pres- 

ent s ta tus  of our lcno;:fledge of f low phenomena, seems t o  be  very 

d i f f i c u l t .  Hence even the r e su l t s  given here are not a t  all 

conclusive, bu t  vc hope tha t  fur ther  experinents of th i s  kind 

w i l l  i:izkc valuable contributions t o  our kno~vledge of the condi- 

t ions  of notion in  a spin- 

Translation by Dnight EJ. Eziner, 
Nat ional Advisory Cormittee 
f o r  Aeroncutics. 
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